We further modified the method to make it totally noninvasive and clinically applicable by: 1) eliminating the need for external pacemaker signal synchronization; 2) minimizing the required instrumentation; 3) obtaining an instantaneous display. In addition to developing the technique, the purpose of this investigation was to: 1) study the morphology of the filter-transformed cardiac signals; 2) study the influence of the averaging process on 
EXTERNAL RECORDING of cardiac conduction system potentials was first reported in 1973 by three independently-working groups of investigators. Berbari et al." 2 and Flowers et al.3 presented results of experimental animal studies and Stopczyk et al. 4 and Lazzara et al.5 described recording in humans. Subsequent publications6-8 and studies from other laboratories9 10 have confirmed the feasibility of external recording of the cardiac conduction system activity.
The externally recorded His bundle potentials were in the range of less than 10 AV. High-gain amplification was necessary to record the low magnitude precordial signals. Signal filtering and averaging was universally used to eliminate the random noise which was of similar magnitude. Since the signal-to-noise ratio increases with the number of averaged beats (repetitions), the averaging procedure usually required several hundred repetitions. The signal/noise relationship is described in the following formula:
(S/N)m = '/iim (S/N), beat (Where m = number of repetitions, S = signal amplitude, N = noise amplitude. For example, 100
repetitions are necessary to improve the S/N ratio by a factor of 10.) Large, general purpose digital computers have been utilized to perform this task on-line or off-line with the use of tape recordings.3' 5 6 8 The averaging method required synchronization of the R-R intervals for stable triggering, and an atrial pacemaker overdrive was most commonly used." 2, 5, 7, 8 The methods remained, therefore, partially invasive because of the need for introduction of an intraatrial electrode, and had only a limited advantage over direct recording of intracavitary His potentials. Stopczyk et al.4 further modified the method by utilizing transesophageal pacing in human studies. Subsequently, Hishimoto and Sawayamal0 reported on successful synchronization by utilizing the amplified P waves from the esophageal lead. These modifications made the method truly noninvasive for the vascular system.
Berbari et al.8 demonstrated in dogs that triggering with the QRS, utilizing specially designed QRS detector and digital computer, yielded results with consistent and reproducible morphology and timing. The external QRS-trigger averaged recordings compared well with those obtained by atrial pacing synchronization. Hishimoto and Sawayama'0 utilized QRS synchronization in human studies by playing the magnetic tape recording of the precordial ECG in reverse.
We further modified the method to make it totally noninvasive and clinically applicable by: 1) eliminating the need for external pacemaker signal synchronization; 2) minimizing the required instrumentation; 3) obtaining an instantaneous display. In addition to developing the technique, the purpose of this investigation was to: 1) study the morphology of the filter-transformed cardiac signals; 2) study the influence of the averaging process on the His bundle potential recordings; and 3) compare the precordial recordings obtained by signal averaging with triggering by atrial pacing versus triggering with the patient's QRS. 
Methods
The His bundle potentials were recorded by using digital processing and averaging the amplified and filtered precordial electrocardiogram. The QRS serves as the trigger and provides a fiducial point for pretrigger data acquisition and subsequent averaging.
A block diagram of the instrumentation is shown in figure 1 . The system in its mobile mounting is shown in figure 2 . The high-gain pre-amplifier (pre-amplifier A) for signal recording was selected on the basis of its very high signal/noise ratio.* It was most commonly used at a gain of 5-10 X 103. Bandpass filter settings of 30-300 Hz appeared optimal for rejection of the high amplitude, low frequency components (i.e., atrial repolarization or respiratory baseline drifts). A second pre-amplifier of the same type* (pre-amplifier B) with a bandpass filter setting of 10-30 Hz1' and gain of 1-5 X 103 was used to provide the QRS trigger signal. The 10-30 Hz network acts as a differentiator, and the QRS trigger occurs when the slope of the signal exceeds a threshold value. The threshold is adjusted for consistent triggering at the time of recording.
The output of pre-amplifier A is amplified by a factor of 10, digitized at 5 kHz and stored digitally with 8 bit resolution in a transient signal recorder.t This is equivalent to 4 X 10-6 resolution. Using the pretrigger mode of this instrument, a 204.8 msec window4 preceding the QRS trigger is usually selected which includes the entire P-R interval as well as portions of the P and QRS complexes. Upon recognition of the QRS trigger from the pre-amplifier B, the contents of the digital memory (the pre-selected P-R in- a sharp pacemaker spike. The ability of the recording system to eliminate the internal and environmental background noise was investigated. Also included were patients with non-synchronous atrial activity such as atrial fibrillation or randomly occurring P waves in AV block and patients with ectopic ventricular activity.
Signal Transformation
Signal transformation during high-gain amplification and filtering results in marked changes of morphology from the standard electrocardiogram. High-gain amplification may reveal terminal potentials of atrial activation (including AV node) and earliest QRS potentials (i.e., Purkinje-myocardial junctions) not usually seen in standard electrocardiogram. Filtering eliminates the lower frequencies and differentiates the ECG curve, introducing additional deflections not present in the standard ECG tracing, shifting their peaks and accelerating the slopes.
The 30-300 Hz bandpass filter in the high gain preamplifier produces a time lag of approximately 11 msec at 15 Hz, and less than 4 msec above 30 Hz.
Therefore, only very slowly varying signals would be appreciably shifted into the P-Q interval, and the H signal would be only minimally distorted.
Example of high frequency precordial ECG and high-gain filtered, averaged QRS triggered precordial ECG is presented in figure 3 . In the single trace recording (upper tracing), the low frequency cut off is 0.3 Hz. The upper cut off of 300 Hz allows inclusion of higher frequencies, for possible earlier visualization of the QRS potentials. The averaged high-gain precordial recording (lower portion of the illustration) shows markedly accentuated deflections of the P, QRS and T waves due to differentiation of the original signal by filtering in the range of 30-300 Hz. The P-R interval including part of the QRS complex is seen in the left panels and the T wave and T-P interval is seen on the right. Comparison of the magnitude of individual deflections does not reflect the gain ratio (500:1) due to the process of differentiation by filtering as well as to partial cancellation of the voltages during the process of averaging (secondary to beat-to-beat variability of the deflections). There is no recognizable electrical activity during an interval of 50 msec between the end of P and the beginning of QRS in the upper tracing, while the lower tracing shows an additional early deflection which may represent the activity of the conduction system. A short segment of approximately 25 msec follows, during which only minor oscillations of the baseline are recorded. The T wave (right upper panel) has a duration of approximately 180 msec (note different time scale), followed by a mild downslope of 60 msec duration and P wave lasting 90 msec, (similar to that seen on the left side of the illustration). Averaging (right lower panel) introduced distortion of the T wave configuration. Assuming, however, that the T wave had the same duration of 180 msec and the P wave had its onset demonstrate that deflections representing activity of the conduction system can be easily identified in the precordial recordings.
Effects of the Signal Averaging Process
It is expected that filtering and averaging of the His signal recorded from the precordium will modify its configuration in comparison with direct intracardiac tracing by: 1) recording a more complete course of events than the bipolar lead from the endocardial contact electrodes; 2) signal differentiation through filtering and; 3) possibly beat-to-beat variation. Figure 6 shows comparison between the single intracardiac His bundle recording ( fig. 6A ) and averaged precordial recording ( fig. 6C) The comparison was made between the external recordings obtained by 1) triggering with an intraatrial pacemaker spike (post-trigger signal recording) and 2) triggering by the patient's QRS (pre-trigger signal recording). Figure 7A illustrates a single intracardiac His bundle recording. Biphasic His spike is seen with onset 47 msec before the beginning of ventricular activity deflection and an amplitude of 2 mV. Intraatrial pacing (with a rate slightly exceeding the spontaneous rate) was employed in figure 7B , and signals were averaged from the precordium. Pacemaker spike trigger synchronization resulted in biphasic His deflection of 2 ,uV amplitude (attenuation ratio 1000:1) preceding the (attenuation ratio 2500: 1) with the onset preceding the QRS by 42 msec. It can be assumed that greater attenuation with QRS triggering is due to some degree of instability (itter) of the triggering point on QRS in comparison with pacemaker spike. However, the amplitude of His deflection is adequate to allow recognition and measurements of temporal relationships.
Clinical Studies
An example is presented in figure 8 . This patient showed a day-to-day and hour-to-hour variation of AV conduction ranging from first degree AV block, Mobitz type I AV block and 2:1 AV block. The recording was obtained at the time when the patient's electrocardiogram showed a first degree AV block with a P-R interval of 240 msec ( fig. 8 ). Averaged precordial recording shows multiple deflections occurring during the interval of 120 msec, between the end of the P and the beginning of the QRS complex. A major deflection lasting 30 msec is seen approximately 80 msec prior to the onset of ventricular activity. The external recording is thus compatible with the first degree AV block 20 msec/div Avg-128 beats top and bottom tracings allows evaluation of the degree of signal transformation due to filtering and averaging. Discussion The major advantages of the method and system used in our studies are the use of the patient's QRS for triggering, mobility of the equipment, simplicity of operation, instantaneous readout and relatively low cost. The method eliminates the need for external synchronization (with atrial or esophageal pacing), tape recording and data transfer and analysis by general purpose computers.
Adequate quality recordings could be obtained in the noninvasive laboratory as well as at the patient's bedside in the coronary care unit (with its multiple monitoring equipment) and cardiac catheterization laboratory. The instrumentation can be easily used for serial examinations in patients who display instability of the AV conduction, and it could possibly eliminate the need for invasive studies in some patients.
The number of repetitions (consecutive cycles) of 128-256 appeared adequate for display of the conduction system activity. Low frequency filter cut-off at 30 Hz did not appear to influence the quality of recordings, but prevented the instability of the baseline secondary to low frequency noise from electrode-skin interface and respiratory variations. Upper frequency cut-off of 300 Hz appeared not to lead to any loss of conduction system signals, but prevented interference from the equipment noise.
The baseline noise level after averaging did not exceed 0.3 ,uV and the deflections originating from the activity of the conduction system were well above this level and were easily recognized. Similarly, the averaging process was adequate to eliminate the randomly occurring atrial activity. Repeated recordings in the same subject during the same recording session or on consecutive days showed good reproducibility,"5 providing further proof that triggering with patient's QRS is adequately stable.
Major His deflections were well-seen in the averaged internal ( fig. 6 ) as well as external recordings (figs. 5, 6 and 7). The process of signal averaging performed on the direct internal recording of the His bundle did not significantly change its morphology. A discrepancy of a few milliseconds in the measured H-V or H-QRS time intervals was noted (figs. 6 and 7). This discrepancy is within the uncertainty of the measurement and is not considered clinically important. Possible contributors to this uncertainty are trigger instability and difficulty in defining onsets of H and V signals in both the direct and high-gain precordial recordings.
Comparison of external averaged recordings, triggered with pacemaker spike and those triggered with patient's QRS ( fig. 7) showed similar temporal relationship of His activity deflection to the following QRS, but the voltage of His deflection was slightly higher in the pacemaker-triggered recording. The cause of the attenuation of this deflection with QRS triggering is not well understood. We assume that some degree of variability of trigger point selection on QRS existed, leading to partial cancellation of the recorded voltage during the process of averaging. For practical purposes, however, the magnitude of recorded voltages appears less important for clinical diagnosis than the temporal relationship, which is similar in both types of recording.
On the basis of our experience with 150 studies in experimental animals, normal subjects and hospital patients, adequate recordings may be obtained in approximately 80% of cases.'6 The reasons the deflections could not be well-identified in the remaining 20% are not clear. Possibly the potentials generated in the conduction system were small or their transmission to the chest surface was impaired due to patient's chest configuration or other conditions, including emphysema or obesity. Body position or incomplete muscle relaxation usually was not a detrimental factor, at least in normal subjects. In fact, most of the recordings during the early phase of technical evalua-
